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mVF v DQG  mPF l DUH WKH QRUPDOL]HG DFWLYH IRUFHOHQJWK IRUFHYHORFLW\ DQG SDVVLYHIRUFHOHQJWKIXQFWLRQUHVSHFWLYHO\
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
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@FRVm mmm A V PF F F L F V a F L D      
2QFHWKHPXVFOHILEHUOHQJWK mL DQGLWVFRQWUDFWLRQYHORFLW\ mV DUHGHWHUPLQHGWKH
PXVFOH IRUFH FDQ EH FDOFXODWHG E\ XVLQJ (T +RZHYHU LW LV GLIILFXOW WR REWDLQ mL 
GLUHFWO\ VLQFH LW FDQRQO\EHPHDVXUHGE\PHGLFDOGHYLFHV VXFKDVPDJQHWLF UHVRQDQFH
LPDJLQJ 05, V\VWHPV RU XOWUDVRQLF VFDQQHU ZKLFK DUH QRW DYDLODEOH LQ ODERUDWRU\
HQYLURQPHQW $FWXDOO\ mL FDQ EH LQGLUHFWO\ REWDLQHG E\ (T DQG mtL FDQ EH
HVWLPDWHGE\ WKHPXVFOHSDWKDQGNQHH MRLQWNLQHPDWLFVZKLFKZLOOEHGLVFXVVHG LQ WKH
QH[WVHFWLRQ0RUHRYHU tL FDQEHFRPSXWHGE\WKHQRUPDOL]HGWHQGRQIRUFHUHODWLRQVKLS
 t tF L SUHVHQWHGDVLQ(TZKHUH H LVWKHRSWLPDOWHQGRQVWUDLQDQG stL LVWKHWHQGRQ
VODFNOHQJWK)LQDOO\WKHPXVFOHWHQGRQIRUFHFDQEHHVWLPDWHGDFFRUGLQJWR(T$
EORFNGLDJUDP)LJZDVSURYLGHGWRPDNHWKHFDOFXODWLRQSURFHVVPRUHH[SOLFLW
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)LJ%ORFNGLDJUDPRIPXVFOHWHQGRQFRQWUDFWLRQG\QDPLFV
Subject-specific musculoskeletal geometry model 
0RPHQW LV WKH SURGXFWRI IRUFH DQG LWV PRPHQW DUP 7R FRPSXWH D PXVFOHWHQGRQ
PRPHQWDUPPXVFOHSDWKVDUHUHTXLUHGWRGHWHUPLQHWKHPXVFOH¶VOHQJWKDQGLWVOLQHRI
DFWLRQ *HQHUDOO\ PXVFOH SDWKV FDQ EH GHWHUPLQHG E\ WKH DIRUHPHQWLRQHG PHGLFDO
GHYLFHV+RZHYHU WKHXVHRI PHGLFDO GHYLFHV LV H[SHQVLYH DQG WLPHFRQVXPLQJ ,W LV
WKHUHIRUH PDQ\ UHVHDUFKHUV HPSOR\HG D JHQHULF PXVFXORVNHOHWDO JHRPHWU\ PRGHO
HVWDEOLVKHGZLWKUHSRUWHGGDWDFROOHFWHGIURPFDGDYHUVWRFDOFXODWHPXVFOHWHQGRQOHQJWK
DQGPRPHQWDUP+RZHYHU WKHJHQHULFPXVFXORVNHOHWDOJHRPHWU\PD\QRWVXLWDEOH IRU
VSHFLILF LQGLYLGXDOV DQG VXEMHFWVSHFLILF PXVFXORVNHOHWDO JHRPHWU\ LV HVVHQWLDO IRU WKH
LPSURYHPHQW RI PRPHQW SUHGLFWLRQ DFFXUDF\ 7R PDWFK WKH VSHFLILF VXEMHFW WKH
JHRPHWU\ SDWK FDQ EH VFDOHG EDVHG RQ UHODWLYH GLVWDQFHV EHWZHHQ SDLUV RI PDUNHUV
REWDLQHG IURP D PRWLRQFDSWXUH V\VWHP +RZHYHU WKH PRWLRQFDSWXUH V\VWHP LV TXLWH
H[SHQVLYH$SUDFWLFDOVROXWLRQLVSURSRVHGKHUHWRWDFNOHWKLVSUREOHP)RUVLPSOLFLW\WKH
PXVFOHVDUHDVVXPHGDVVWUDLJKWOLQHV6LQFHWKHPXVFOHSDWKFDQEHDIIHFWHGE\WKHVL]H
RIERQHV WKH OHQJWKRIERG\VHJPHQWDQGDWWDFKPHQW VLWHVPXVFOHV¶RULJLQFRRUGLQDWHV
DQG LQVHUWLRQ FRRUGLQDWHV DUH HVWLPDWHG EDVHG RQ WKH VNHOHWDO PRUSKRORJLF SDUDPHWHUV
 Qingsong Ai, Bo Ding, Quan Liu,Wei Meng 

PHDVXUHG IURP ORZHU H[WUHPLW\ DQG WKH UHODWHG UHJUHVV HTXDWLRQV $ W\SLFDO VXEMHFW¶V
PXVFOHSDWKVLQWKHVWDQGDUGVWDQGLQJSRVHFDQEHIRXQGLQ7DEOH
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)LJ,OOXVWUDWLRQRIPXVFXORVNHOHWDOJHRPHWU\PRGHO
2QFH WKH VWDWLF PXVFOH SDWKV DUH GHWHUPLQHG WKH VXEMHFWVSHFLILF PXVFXORVNHOHWDO
JHRPHWU\PRGHOFDQEHHVWDEOLVKHGDQGWKHG\QDPLFPXVFOHWHQGRQPRPHQWDUPFDQEH
REWDLQHG:LWKRXWORVVRIJHQHUDOLW\WKHFDOFXODWLRQRIMXVW67¶VPRPHQWDUPLVGHVFULEHG
$V VKRZQ LQ )LJ WKH GDVK OLQH UHSUHVHQWV WKH VWDWLF VWDQGLQJ SRVH DQG WKH VROLG OLQH
LQGLFDWHV WKHG\QDPLFSRVH$ LV WKHRULJLQSRLQW% LV WKH LQVHUWLRQSRLQW DQG2 LV WKH
FHQWHU RI NQHH MRLQW +HQFH WKH PXVFOHWHQGRQ OHQJWK DQG PRPHQW DUP FDQ EH
GHWHUPLQHGE\WKHIROORZLQJHTXDWLRQV

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
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
7DEOH7KHPXVFOHSDWKVRIDW\SLFDOVXEMHFW
0XVFOH 2ULJLQ&RRUGLQDWHVFP &RRUGLQDWH6\VWHP
,QVHUWLRQ&RRUGLQDWHVFP &RRUGLQDWH
6\VWHP[ \ ] [ \ ]
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0RGHOLGHQWLILFDWLRQDQGYDOLGDWLRQ
3.1  Parameter identification  
,Q RUGHU WR PDNH PXVFOHWHQGRQ PRGHO SDUDPHWHUV PDWFK VSHFLILF VXEMHFWV
LGHQWLILFDWLRQH[SHULPHQWVVKRXOGEHFDUULHGRXW$VDIRUHPHQWLRQHG d  c  c DQG A DUH
IRXU SDUDPHWHUV XVHG WR GHILQH WKH PXVFOH DFWLYDWLRQ G\QDPLFV ,W LV DVVXPHG WKDW DOO
LQYROYHG PXVFOHV VKDUH WKH FRPPRQ DFWLYDWLRQ G\QDPLFV +HQFH RQO\  DFWLYDWLRQ
SDUDPHWHUV QHHG WR DGMXVW $V WR WKH PXVFOHWHQGRQ PRGHO PD[mF  omL  stL  PD[V DQGD 
DUH ILYH DQDWRPLFDO SDUDPHWHUV WKDW UHIOHFW WKH IRUFHJHQHUDWLQJ DELOLW\ RI HDFK PXVFOH
$PRQJ WKHVH PXVFOH SDUDPHWHUV PD[mF  omL DQG stL KDYH VKRZQ KLJK VHQVLWLYLWLHV 
DQG PD[V FDQEHVHW WR omL 7KXVRQO\ WKUHHSDUDPHWHUVQHHG WREH LGHQWLILHGIRUHDFK
PXVFOHWHQGRQ PRGHO 6LQFH  PXVFOHV ZHUH WDNHQ LQWR FRQVLGHUDWLRQ D WRWDO RI 
PXVFOHWHQGRQ PRGHO SDUDPHWHUV VKRXOG EH LGHQWLILHG E\ RSWLPL]DWLRQ PHWKRGV
&RPELQLQJ IRUZDUG DQG LQYHUVHG\QDPLFV WKHVHSDUDPHWHUV FDQEH WXQHGEDVHGRQ WKH
SULQFLSOH WKDW WKH QHW MRLQW PRPHQW HVWLPDWHG E\ WKH (0*GULYHQ IRUZDUG G\QDPLFV
PRGHODUHVXSSRVHGWREHLQDFFRUGDQFHZLWKPRPHQWREWDLQHGE\LQYHUVHG\QDPLFVDV
JLYHQ E\ (T DQG (T ZKHUH netM LV WKH QHW NQHH MRLQW PRPHQW
mus i i
i
M ma F u¦ LV WKH MRLQW PRPHQW JHQHUDWHG E\ PXVFOHV graM WKH JUDYLWDWLRQDOPRPHQWRIWKHORZHUOLPE passM WKHSDVVLYHMRLQWPRPHQW
  net mus pass graM M M M  
 net kM J T < 
1RWH WKDW LW LVGLIILFXOW WRPRGHO WKHSDVVLYH MRLQWPRPHQWGXH WR WKHFRPSOH[LW\RI
MRLQW FRPSRQHQWVDQGFRQVWUXFW ,QDGGLWLRQ LW LV IRXQG WKDWPRVWYDOXHVRI WKHSDVVLYH
MRLQW PRPHQW ZHUH VPDOO ZKHQ WKH MRLQW DQJOHV ZHUH ZLWKLQ D FHUWDLQ UDQJH HJ
 kT  D D $QGZKHQWKHMRLQWDQJOHVZHUHFORVHWRWKHMRLQWOLPLWV WKHSDVVLYH
MRLQW PRPHQW ZRXOG ULVH VKDUSO\ ,Q WHUPV RI UHKDELOLWDWLRQ WUDLQLQJ WKH UDQJH RI
PRYHPHQW520LVDOZD\VPRGHUDWHWKXV passM ZDVQHJOHFWHGIRUVLPSOLFLW\DQGWKHQWKHQHWMRLQW netM FDQEHGHWHUPLQHGE\ musM DQG graM )XUWKHUPRUH netM FDQDOVREHFDOFXODWHGE\(TZKHUH J LVWKHPRPHQWRILQHUWLDORIWKHORZHUOLPEDQG kT LVWKHDQJXODU DFFHOHUDWLRQ REWDLQHG E\ GLIIHUHQWLDWLQJ WKH DQJXODU SRVLWLRQ WZLFH )LQDOO\ WKH
SULQFLSOHRISDUDPHWHULGHQWLILFDWLRQSURFHVVFDQEHVLPSOLILHGDVVKRZQLQ(T
  kmus gra JM M T < 
3.2.  Model validation  
 Qingsong Ai, Bo Ding, Quan Liu,Wei Meng 

7KHJRDORIWKHPRGHOYDOLGDWLRQSURFHGXUHLVWZRIROGWRHYDOXDWHWKHIHDVLELOLW\
DQGHIIHFWLYHQHVVRIWKHSURSRVHG(0*GULYHQPXVFXORVNHOHWDOPRGHOWRWHVWZKHWKHU
WKH SURSRVHG PRGHO ZLWK VXEMHFWVSHFLILF PXVFXORVNHOHWDO JHRPHWU\ FDQ LPSURYH WKH
SUHGLFWLRQDFFXUDF\FRPSDUHGWRPRGHOVZLWKJHQHULFPXVFXORVNHOHWDOJHRPHWU\
7KHYDOLGDWLRQH[SHULPHQWVZHUHFRQGXFWHGRQVL[KHDOWK\VXEMHFWV,QWKHH[SHULPHQW
ZLWKRXWWDNLQJLQWRDFFRXQWWKHHIIHFWVRIJURXQGUHDFWLRQIRUFH*5)HDFKVXEMHFWZDV
DVNHG WR VLWRQDFKDLUZLWKKLVKHU IHHWEHLQJRII WKHJURXQG$IWHU WKHPD[LPDO(0*
VLJQDOV ZHUH FROOHFWHGGXULQJ WKH PD[LPXP YROXQWDU\ FRQWUDFWLRQ 09& H[SHULPHQWV
WKH VXEMHFWV ZHUH DVNHG WR SHUIRUP H[WHQVLRQ DQG IOH[LRQ PRYHPHQWV RI NQHH MRLQW DW
DUELWUDU\VSHHG1RWH WKDWZKHQ WKHVXEMHFWZDV LQDVLWWLQJSRVLWLRQ WKHNQHHDQJOH kT ZDVOLPLWHGWRYDU\IURPDERXWWRGHJUHHZKHUHWKHQHJDWLYHYDOXHVLQGLFDWHWKH
NQHHIOH[LRQ6SHFLDOO\ kT ZLOOEHZKHQWKHVXEMHFWLVDWUHVW'XULQJWKHH[SHULPHQW
UDZ(0*VLJQDOVZHUHUHFRUGHGE\WKH(0*DFTXLVLWLRQHTXLSPHQW'DWD/2*0:;
%LRPHWULFV /WG 8. DQG VDPSOHG DW WKH UDWH RI  +] ,W LV DVVXPHG WKDW WKH
DFWLYDWLRQVRI60DQG%)6DUHHTXDOWR67DQG%)/UHVSHFWLYHO\DQGWKHDFWLYDWLRQRI
9,FDQEHFDOFXODWHGXVLQJWKHDFWLYDWLRQVRI9/DQG90)RUHDFKVXEMHFWRQO\ILYH
PXVFOHV 5) 9/ 90 %)/ 67 ZHUH WKXV WDNHQ LQWR FRQVLGHUDWLRQ 7KH (0*
HOHFWURGHVSODFHPHQWVFDQEHIRXQGLQ)LJ$WWKHPHDQWLPHDQJXODUSRVLWLRQRINQHH
MRLQW ZDV UHFRUGHG E\ D ZHDUDEOH DQJXODU WUDQVGXFHU 7KH VXEMHFWV ZHUH DVNHG WR KDYH
HQRXJKUHVWDIWHUHDFKWULDOWRHOLPLQDWHWKHHIIHFWVRIPXVFOHIDWLJXH
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)LJ%ORFNGLDJUDPRISDUDPHWHUVLGHQWLILFDWLRQSURFHVV
7ZR JURXSV RI RSWLPL]DWLRQ SURFHVV ZHUH SHUIRUPHG WR DFKLHYH WKH JRDOV RI WKH
YDOLGDWLRQSURFHGXUH,Q WKHILUVWJURXS* WKHPXVFXODUPRPHQWZDVHVWLPDWHGE\ WKH
SURSRVHGPRGHOZLWKWKHVXEMHFWVSHFLILFPXVFXORVNHOHWDOJHRPHWU\,QWKHVHFRQGJURXS
*WKHVXEMHFWVSHFLILFPXVFXORVNHOHWDOJHRPHWU\ZDVUHSODFHGE\DJHQHULFPRGHO)RU
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HDFKJURXSERWK UDZ(0*VLJQDOV DQGNLQHPDWLFVGDWDZHUH LQSXW WR WKHRSWLPL]DWLRQ
PRGHODVVKRZQLQ)LJWRLGHQWLI\WKHSDUDPHWHUVRIPXVFXORVNHOHWDOPRGHO,QRUGHUWR
PDNHWKHUHVXOWDQWSDUDPHWHUVSK\VLRORJLFDOO\PHDQLQJIXODQGLPSURYHWKHRSWLPL]DWLRQ
SHUIRUPDQFHWKHLQLWLDOYDOXHVRIPRGHOSDUDPHWHUVZHUHREWDLQHGIURPWKHUHSRUWHGGDWD
DQG ZHUH DOORZHG WR YDU\ ZLWKLQ WKH OLPLWHG UDQJHV ,Q WKLV VWXG\ WKH RIIOLQH
RSWLPL]DWLRQ SURFHVV ZDV GRQH E\ XVLQJ 0$7/$% 6LPXOLQN $QG D QRQOLQHDU OHDVW
VTXDUH PHWKRG ZLWK WKH /HYHQEHUJ 0DUTXDUGW DOJRULWKP ZDV DGRSWHG WR DGMXVW WKH
SDUDPHWHUV GXULQJ WKH LGHQWLILFDWLRQ SURFHVV WR PLQLPL]H WKH GLIIHUHQFHV EHWZHHQ WKH
HVWLPDWHGPRPHQWDQGWKHUHIHUHQFHPRPHQW
3.3.  Results 
:LWKRXWORVVRIJHQHUDOLW\W\SLFDOUHVXOWVRIWZRVXEMHFWV6DQG6ZHUHVHOHFWHGWR
HOXFLGDWHWKHSURFHVV7KHUDZ(0*VLJQDOVPHDVXUHGIURPORZHUOLPEDUHLOOXVWUDWHGLQ
)LJ&RPSDULVRQVEHWZHHQWKHHVWLPDWHGPXVFXODUWRUTXHDQGWKHUHIHUHQFHWRUTXHDUH
VKRZQLQ)LJ)XUWKHUPRUHDVXPPDU\RIHVWLPDWLRQSHUIRUPDQFHRI WKHPRGHORIDOO
VXEMHFWV LVSUHVHQWHG LQ7DEOHDQG WKH WXQHGPRGHOSDUDPHWHUVIRUDOOVL[VXEMHFWVDUH
SUHVHQWHGLQ7DEOH
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)LJ&RPSDULVRQRIWRUTXHNQHHH[WHQVLRQNQHHIOH[LRQ7KHEODFNVROLGOLQHLVWKHHVWLPDWHGPXVFXODU
WRUTXHLQWKHILUVWJURXS*DQGWKHEODFNGDVKHGOLQHUHSUHVHQWVWKHHVWLPDWHGWRUTXHLQWKHVHFRQGJURXS*
7KHJUD\OLQHLQGLFDWHVWKHUHIHUHQFHWRUTXHFDOFXODWHGE\(T
)LJFOHDUO\VKRZVWKDWWKHPXVFOHDFWLYDWLRQSDWWHUQYDULHVIURPVXEMHFWWRVXEMHFW
)RUH[DPSOHWKH(0*YDOXHVRI5)PHDVXUHGIURPVXEMHFWZHUHQRWDEO\VPDOOHUWKDW
WKDWFROOHFWHGIURPVXEMHFW+RZHYHUIRUHDFKVXEMHFWZKHQSHUIRUPLQJNQHHH[WHQVLRQ
PRYHPHQWV WKHPDLQDFWXDWRUVDUH WKHVDPHQDPHO\5)9/9,DQG90&RQYHUVHO\
WKH NQHH IOH[LRQ LV DWWULEXWHG WR FRQWUDFWLRQV RI %)/ %)6 67DQG 60 DQG WKH (0*
VLJQDOVPHDVXUHGIURPTXDGULFHSVIHPRULVDUHQHJOLJLEOHGXULQJWKLVPRYHPHQW2QHFDQ
VHH WKDW WKH (0* VLJQDOV REWDLQHG IURP H[WHQVRUVIOH[RUV DUH DOZD\V FKDQJLQJ
VLPXOWDQHRXVO\DOWKRXJK WKH\DUHGLIIHUHQW LQDPSOLWXGH7KLVFRDFWLYDWLRQRIGLIIHUHQW
PXVFOHVFDQEH WHUPHGDVPXVFOH V\QHUJ\ZKLFKZDV VXJJHVWHGDVDQHIILFLHQWZD\ WR
IDFLOLWDWHFRPSOH[PRYHPHQWV&RPELQLQJZLWK)LJRQHFDQQRWH WKDW WKHHVWLPDWHG
PXVFXODU WRUTXH LQFUHDVHG ZLWK WKH (0* YDOXHV 7KH PDLQ UHDVRQ IRU WKLV LV WKDW WKH
DFWLYH PXVFOH IRUFH LV SURSRUWLRQDO WR PXVFOH DFWLYDWLRQ DFFRUGLQJ WR (T $V
PHQWLRQHG HDUOLHU WKH VXEMHFW FRXOG IUHHO\ SHUIRUP NQHH H[WHQVLRQIOH[LRQ PRYHPHQWV
DQGWKH*5)ZDVLJQRUHGFRQVHTXHQWO\WKHHVWLPDWHGPXVFXODUWRUTXHLVDSSUR[LPDWHWR
WKHJUDYLWDWLRQDOWRUTXHZKLFKFKDQJHGVLQXVRLGDOO\GXULQJWKHH[SHULPHQWV

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
0D[LPXPPRPHQW
GHYLDWLRQ M' 1P
1RUPDOL]HG506(
1P
6 **






6 **






6 **






6 **






6 *   
A Subject-Specific EMG-Driven Musculoskeletal Model for Applications in Lower-Limb Rehabilitation             
Robotics       
 
*   
6 **






0HDQ **






6' **






Note 506(1RUPDOL]HG506( 6' 6WDQGDUG'HYLDWLRQ3HDN0RPHQW ˈ 
)LJ LOOXVWUDWHV WKH DELOLW\ RI WKH SURSRVHG (0*GULYHQ PXVFXORVNHOHWDO PRGHO WR
SUHGLFWNQHHMRLQWWRUTXHIRUWZRVXEMHFWVZKHQSHUIRUPLQJH[WHQVLRQIOH[LRQPRYHPHQWV
'HVSLWHWKHGLIIHUHQFHVEHWZHHQVXEMHFWVVXFKDVPXVFOHDFWLYDWLRQSDWWHUQVWKHSURSRVHG
PRGHOFDQEHWXQHGWRWUDFNWKHNQHHMRLQWWRUTXHZLWKDQDFFHSWDEOHDFFXUDF\%RWKWKH
VKDSH DQG PDJQLWXGH WKH JUHHQ GDVKHG OLQH RI WKH HVWLPDWHG WRUTXH DUH LQ JRRG
DJUHHPHQW ZLWK WKH UHIHUHQFH WRUTXH$ KLJK OHYHORI FRUUHODWLRQ WKH R YDOXH UDQJLQJ
IURP  WR  DQG D ORZ QRUPDOL]HG 506( IURP  WR  ZHUH
REWDLQHGDVSUHVHQWHGLQ7DEOHZKLFKGHPRQVWUDWHVWKHIHDVLELOLW\DQGHIIHFWLYHQHVVRI
WKHSURSRVHGPRGHO

7DEOH7KHWXQHGDQGSXEOLVKHGPXVFXORVNHOHWDOPRGHOSDUDPHWHUV
0XVFOH6XEMHFW
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$V PHQWLRQHG EHIRUH WKH PRGHO ZDV UHFDOLEUDWHG ZLWK D JHQHULF PXVFXORVNHOHWDO
JHRPHWU\ LQ WKHVHFRQGJURXS* ,W LVHYLGHQW WKDW WKHUHZHUHGLIIHUHQFHVEHWZHHQ WKH
HVWLPDWHGPXVFXODUWRUTXHVLQWKHWZRJURXSVDQGWKHHVWLPDWHGWRUTXHLQ*LVLQEHWWHU
DJUHHPHQWZLWKWKHUHIHUHQFHWRUTXHFRPSDUHGZLWKWKDWLQ*,QDGGLWLRQWKHSUHGLFWHG
MRLQWWRUTXH R UHGXFHGIURPWRDQGWKHQRUPDOL]HG506(YDOXHVLQFUHDVHG
IURPWRDVVKRZQLQ7DEOH0RUHVSHFLILFDOO\LQ*WKH R YDOXHVDUH
KLJKHU WKHQRUPDOL]HG506(VDQGPD[LPXPPRPHQWGHYLDWLRQVDUHVPDOOHUDFURVVDOO
VXEMHFWVFRPSDUHGZLWKWKDWLQ*LQGLFDWLQJWKHSURSRVHGPRGHOLVFDSDEOHRISURYLGLQJ
EHWWHUUHSUHVHQWDWLRQVRIWKHVXEMHFWVLQYROYHGLQWKLVVWXG\
7DEOHFOHDUO\VKRZVWKDWWKHLGHQWLILHGSDUDPHWHUVDUHGLIIHUHQWZLWKWKHSXEOLVKHG
GDWD,WGHPRQVWUDWHVWKDWWKHPXVFOHWHQGRQPRGHOSDUDPHWHUVKDYHODUJHLQGLYLGXDOWR
LQGLYLGXDOYDULDWLRQ:KHQWKHUHSRUWHGGDWDZHUHGLUHFWO\XVHGWRFRPSXWHMRLQWWRUTXH
SRRU SUHGLFWLRQ SHUIRUPDQFH ZDV REVHUYHG  R   DQG QRUPDOL]HG 506( 
+HQFHLWLVLPSHUDWLYHWRLGHQWLI\WKHVXEMHFWVSHFLILFSDUDPHWHUVWRPDNHWKHHVWLPDWLRQ
PRUHDFFXUDWH
0RGHO$SSOLFDWLRQV
4.1. Preliminary experiments with a lower-limb rehabilitation robot 
7KH REMHFWLYH RI WKH H[SHULPHQWV LQ WKLV VHFWLRQ LQFOXGH  WR WHVW ZKHWKHU WKH
PXVFXORVNHOHWDO PRGHO FDQ SUHGLFW WKH RSHUDWRU¶V PRWLRQ LQWHQWLRQ LQ UHDO WLPH  WR
H[SORUHLWVSRWHQWLDODSSOLFDWLRQVLQUHKDELOLWDWLRQURERWFRQWURO,QWKLVVWXG\SUHOLPLQDU\
H[SHULPHQWV ZHUH FRQGXFWHG RQ RQH RI WKH VL[ VXEMHFWV ZLWK D SDUDOOHO URERW V\VWHP
GHYHORSHGE\RXUUHVHDUFKJURXS7KHURERWV\VWHPPDLQO\FRQVLVWVRIDURERWSODWIRUPD
'63FRQWUROOHUFDELQHWDQGD3&7KHURERWSODWIRUPKDVVL[GHJUHHVRIIUHHGRP'2)V
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WKHURERWV\VWHPLVDYDLODEOHLQRXUSUHYLRXVZRUN
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$FTXLVLWLRQ
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E
 )LJD7KHSDUDOOHOURERWV\VWHPE(0*HOHFWURGHVSODFHPHQWVIRUWKHLQYROYHGPXVFOHV
,QRUGHUWRUHDOL]HKXPDQDFWLYHURERWFRQWUROWKHFRQWUROLQWHUIDFHVKRXOGEHFDSDEOH
RIGHWHFWLQJWKHSDUWLFLSDQW¶VPRWLRQLQWHQWLRQDQGEHDGMXVWDEOHWRPHHWWKHUHTXLUHPHQWV
RI GLIIHUHQW RSHUDWRUV 7KH RSHUDWRU¶V PXVFXODU PRPHQW KHUH FDQ EH HVWLPDWHG E\ WKH
SURSRVHG(0*GULYHQPRGHOKLVKHUPRWLRQLQWHQWLRQFDQEHGHWHFWHGEDVHGRQIRUZDUG
G\QDPLFV )LUVWO\ WKH DQJXODU DFFHOHUDWLRQ FDQ EH JLYHQ E\ (T ZKHUH O LV D
SDUDPHWHUZKLFKZDV LQWHQWLRQDOO\ LQWURGXFHG WR UHSUHVHQW WKH OHYHORIDVVLVWDQFH7KHQ
WKHQHZDQJXODUYHORFLW\DQGDQJXODUSRVLWLRQFDQEHREWDLQHGE\(TDQG(T
ZKHUH iT DQG iT DUH WKH SUHYLRXV DQJXODU YHORFLW\ DQG DQJXODU SRVLWLRQ DW WLPH VWHS i
UHVSHFWLYHO\6LPLODUO\ iT  DQG iT  DUHQHZDQJXODUYHORFLW\DQGDQJXODUSRVLWLRQDWWKH
QH[WWLPHVWHSi+1UHVSHFWLYHO\DQGW LVWKHVDPSOLQJSHULRG
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
7KUHH FRQWURO PRGHV ZHUH GHVLJQHG LQ WKH ILUVW JURXS RI H[SHULPHQWV WR H[SORUH
DSSOLFDWLRQVRIWKHSURSRVHGPRGHO,QPRGHaWKHSDUDPHWHUO ZDVVHWWRIUHHPRGH
LVVLPXODWHGZKLFKDLPHGWRLQYHVWLJDWHZKHWKHUWKHPRGHOEDVHGFRQWUROLQWHUIDFHFDQ
DFFXUDWHO\GHWHFW WKH VXEMHFW¶VPRWLRQ LQWHQWLRQ LQ UHDO WLPH ,Q WKLV VLWXDWLRQ WKH URERW
ZDVFRQWUROOHG WR WUDFN WKHVXEMHFW¶VPRYHPHQW WUDMHFWRU\ ,QPRGHbO ZDVVHW WR
DVVLVWLYHPRGHLVVLPXODWHGZKLFKPHDQWWKHRSHUDWRU¶VPXVFOHVWUHQJWKZDVDXJPHQWHG
DQGLWZRXOGEHHDVLHUWRGULYHWKHURERW,QPRGHcO ZDVVHWWRUHVLVWLYHPRGHLV
VLPXODWHGLQGLFDWLQJWKHRSHUDWRU¶VDFWLYHHIIRUWZDVZHDNHQHGDQGWKHFRQWUROWDVNZDV
PRUHFKDOOHQJLQJ
 Qingsong Ai, Bo Ding, Quan Liu,Wei Meng 
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)LJ)UDPHZRUNIRUWKHPRGHOEDVHG$$1FRQWUROVFKHPH
+RZHYHULWFDQEHVHHQWKDWLQWKHILUVWJURXSWKHURERWZDVFRQWUROOHGWRSURYLGHWKH
SUHGHILQHG DVVLVWDQFH VLQFH O ZDV IL[HG GXULQJ WKH H[SHULPHQW ,Q WKLV VLWXDWLRQ WKH
FRQWUROLQWHUIDFHGLGQRWWDNHLQWRDFFRXQWWKHVXEMHFW¶VFKDQJLQJQHHGVLQUHDOWLPH7R
HYDOXDWH LI WKH PXVFXORVNHOHWDO PRGHO FDQ EH XVHG WR DXWRPDWLFDOO\ DGMXVW WKH URERWLF
DVVLVWDQFHLQWKHVHFRQGJURXSDPRGHOEDVHG$$1FRQWUROVFKHPHZDVGHYHORSHG6LQFH
WKH VXEMHFW¶V DFWLYH HIIRUW FDQ EH HVWLPDWHG E\ WKH PXVFXORVNHOHWDO PRGHO RQFH WKH
UHTXLUHG WDVN ZDV GHWHUPLQHG WKH DVVLVWDQFH QHHG FDQ EH REWDLQHG 7R WKLV HQG WKH
IUDPHZRUNIRUWKHPRGHOEDVHG$$1FRQWUROVFKHPHFDQEHHQJLYHQDVVKRZQLQ)LJ
$QLPSHGDQFHEDVHGIRUFHWUDFNLQJFRQWUROOHUZDVXVHGWRJXLGHWKHURERWWRSURYLGHWKH
DVVLVWDQFH WKDW JRYHUQHG E\ WKH PXVFXORVNHOHWDO PRGHO DQG WDVN )RU FRQYHQLHQFH WKH
UHTXLUHGWDVNZDVVHWWRDFRQVWDQW
4.2.  Experimental Results  
,QWKLVVHFWLRQWKHH[SHULPHQWDOUHVXOWVRIURERWFRQWURODUHSUHVHQWHG7KHNLQHPDWLF
SHUIRUPDQFHV RI WKH URERW LQ WKH ILUVW JURXS DUH SUHVHQWHG LQ )LJ 7KH DGMXVWPHQW
SURFHVVRIURERWLFDVVLVWDQFHLQWKHVHFRQGJURXSLVSUHVHQWHGLQ)LJ$VVWDWHGEHIRUH
LQWKHIUHHPRGHWKHURERWZDVFRQWUROOHGWRV\QFKURQRXVO\WUDFNWKHVXEMHFW¶VWUDMHFWRU\
7KHWUDFNLQJSHUIRUPDQFHLVDFFHSWDEOHDVVKRZQLQ)LJDZKHUHFORVHDJUHHPHQWLQ
VKDSH DQG PDJQLWXGHZHUHREVHUYHG 7KH DYHUDJH 506( YDOXH ZDV e LQGLFDWLQJ
WKHSURSRVHGPRGHOEDVHGFRQWUROLQWHUIDFHLVFDSDEOHRIGHWHFWLQJWKHRSHUDWRU¶VPRWLRQ
LQWHQWLRQLQUHDOWLPH7KHPDLQUHDVRQIRUWKHWUDFNLQJHUURULVWKDWWKH(0*VLJQDOVDUH
VHQVLWLYHWRPDQ\XQFHUWDLQIDFWRUVVXFKDVVNLQQRLVHDQGHOHFWURGHSODFHPHQW
7KH UHVXOWVRI DVVLVWLYHPRGH LOOXVWUDWHG LQ)LJ E FOHDUO\ VKRZ WKDW WKH520RI
URERWZDVODUJHUWKDQWKHVXEMHFW¶V520,QFRQWUDVWWKHURERW¶V520UHGXFHGGLVWLQFWO\
LQ UHVLVWLYH PRGH DOWKRXJK WKH 520 RI VXEMHFW UHPDLQHG DOPRVW WKH VDPH ,W
GHPRQVWUDWHV WKDW LQ DVVLVWLYH PRGH WKH VXEMHFW FDQ GULYH WKH URERW WR UHDFK D FHUWDLQ
520 ZLWK OHVV HIIRUW FRPSDUHG ZLWK WKDW LQ UHVLVWLYH PRGH ZKHUH WKH VXEMHFW¶V
FRQWULEXWLRQZDVZHDNHQHGDQGLWUHTXLUHGPRUHYROXQWDU\HIIRUWVWRFRPSOHWHWKHWDVN
7KHUHIRUHGLIIHUHQWFRQWUROPRGHVFDQEHDFKLHYHGE\DGMXVWLQJWKHSDUDPHWHU O WRFDWHU
IRUWKHUHTXLUHPHQWVRIGLIIHUHQWSDWLHQWV

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5HVXOWVRIUHVLVWLYHPRGH
)LJ &RPSDULVRQ RI NLQHPDWLF SHUIRUPDQFH LQ WKH ILUVW JURXS RI H[SHULPHQWV 7KH GDVKHG OLQHV DUH WKH
VXEMHFW¶VPRYHPHQWWUDMHFWRULHVDQGWKHVROLGOLQHVUHSUHVHQWWKHURERW¶VPRYHPHQWWUDMHFWRULHV
7KH UHVXOWV RI WKH VHFRQG JURXS LOOXVWUDWHG LQ )LJ FOHDUO\ VKRZ WKDW GXULQJ WKH
H[SHULPHQW ERWK WKH VXEMHFW¶V DFWLYH HIIRUW DQG WKH DFWXDO DVVLVWDQFH KH UHFHLYHG ZHUH
FKDQJHG RYHU WLPH ,W GHPRQVWUDWHG WKDW WKH VXEMHFW KDG DFWLYHO\ SDUWLFLSDWHG LQWR WKH
H[SHULPHQWDQGWKHURERWLFDVVLVWDQFHZDVDGMXVWDEOHUDWKHUWKDQLQIOH[LEOH2QHFDQQRWH
WKDWWKHLQFUHDVHRIDFWLYHHIIRUWDSSOLHGE\WKHVXEMHFWZRXOGOHDGWRWKHLQVWDQWGHFUHDVH
RI URERWLF DVVLVWDQFH DQGYLFH YHUVD ,W GHPRQVWUDWHG WKDW PXVFXORVNHOHWDO PRGHO EDVHG
$11FRQWUROOHUZDVFDSDEOHRIDGMXVWLQJWKHURERWLFDVVLVWDQFHLQUHDOWLPHDFFRUGLQJWR
WKH VXEMHFW¶V YROXQWDU\ HIIRUW ,Q WKLV VLWXDWLRQ WKH FRQWURO PHWKRG HQFRXUDJHV WKH
VXEMHFW¶V YROXQWDU\ SDUWLFLSDWLRQ LQ UHKDELOLWDWLRQ WUDLQLQJ ZKLFK PD\ LQGXFH EUDLQ
 Qingsong Ai, Bo Ding, Quan Liu,Wei Meng 

SODVWLFLW\ DQG PRWRU UHFRYHU\ 0RUHRYHU GXULQJ WKH UHKDELOLWDWLRQ WUDLQLQJ VXEMHFW¶V
DFWLYHHIIRUWPD\JUDGXDOO\GHFUHDVHZKLFKFDQEHFDXVHGE\WKHPXVFOHIDWLJXH+HQFH
LQ RUGHU WR HQKDQFH WKH UHKDELOLWDWLRQ RXWFRPH LW LV LPSRUWDQW IRU URERW WR OHDUQ WKH
VXEMHFW¶VSK\VLFDODELOLW\LQUHDOWLPHDQGWRSURYLGHDVVLVWDQFHDFFRUGLQJO\
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

$VVLVWDQFHSURYLGHGE\URERW $FWLYHHIIRUWDSSOLHGE\VXEMHFW
)LJ$GMXVWPHQWSURFHVVRIURERWLFDVVLVWDQFHLQWKHVHFRQGJURXSRIH[SHULPHQWV7KHGDVKHGOLQHUHSUHVHQWV
WKHDVVLVWDQFHSURYLGHGE\WKHURERWDQGWKHVROLGOLQHLQGLFDWHVWKHDFWLYHHIIRUWDSSOLHGE\WKHVXEMHFW
'LVFXVVLRQ
5.1.  Benefits 
7KHSURSRVHGVXEMHFWVSHFLILF(0*GULYHQPXVFXORVNHOHWDOPRGHODQGPRGHOEDVHG
FRQWURO DSSURDFK KDYH VHYHUDO EHQHILWV RYHU H[LVWLQJ PRGHOV DQG PHWKRGV 7KH
UHODWLRQVKLSEHWZHHQ(0*VLJQDOVDQGMRLQWWRUTXHZDVPRGHOHGIURPWKHSHUVSHFWLYHRI
ELRPHFKDQLFV $V D UHVXOW WKH REWDLQHG PRGHO LV FDSDEOH RI DFFXUDWHO\ LGHQWLI\LQJ WKH
VXEMHFW¶VMRLQWWRUTXHDQGPRQLWRULQJKLVKHUPXVFOHVWDWXVDVVKRZQLQ)LJDQG)LJ
8QOLNH WKH VDPSOH WUDLQLQJ EDVHG WRUTXH HVWLPDWLRQ PHWKRG PXVFXORVNHOHWDO PRGHO
EDVHGPHWKRGLVPRUHPHDQLQJIXODQGDFFXUDWHVLQFHPRVWRIWKHPXVFOHVLQUHODWLRQWR
PRYHPHQWDUHWDNHQLQWRDFFRXQWDQGDUHSK\VLRORJLFDOO\PRGHOHG
$SUDFWLFDOPHWKRGWRVWXG\WKHVXEMHFWVSHFLILFPXVFXORVNHOHWDOJHRPHWU\LVLQFOXGHG
LQWKHZKROHPRGHO$VVWDWHGEHIRUHJHQHULFPXVFXORVNHOHWDOJHRPHWU\PD\QRWVXLWDEOH
IRU VSHFLILF LQGLYLGXDOV ,Q WKLV SDSHU VXEMHFWVSHFLILF PXVFXORVNHOHWDO JHRPHWU\ ZDV
HVWLPDWHG EDVHG RQ WKH PHDVXUHG VNHOHWDO PRUSKRORJLF SDUDPHWHUV 6LQFH PXVFOHV DUH
DWWDFKHG WR VNHOHWRQV LW LV UHDVRQDEOH WR HVWLPDWH WKH PXVFOH SDWKV DFFRUGLQJ WR
PRUSKRORJLFSDUDPHWHUV7KLVPHWKRGKDVEHHQSURYHGWREHIHDVLEOHLQLGHQWLILFDWLRQ
SURFHVVZKHUHWKHUHVXOWVFOHDUO\VKRZWKDWWKHHVWLPDWHGWRUTXHFRXOGVXFFHVVIXOO\WUDFN
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WKH UHIHUHQFH WRUTXHZLWKDQDFFHSWDEOHDFFXUDF\)XUWKHUPRUH LQRUGHU WR WHVWZKHWKHU
WKHSURSRVHGPRGHOZLWKWKHVXEMHFWVSHFLILFPXVFXORVNHOHWDOJHRPHWU\FDQLPSURYHWKH
SUHGLFWLRQ DFFXUDF\ WKH PRGHO ZDV UHFDOLEUDWHG ZLWK D JHQHULF PXVFXORVNHOHWDO
JHRPHWU\7KHSUHGLFWLRQSHUIRUPDQFHEHFDPHZRUVHDVVKRZQLQ7DEOHZKHUHWKH R 
YDOXHV UHGXFHG IURP  WR  DQG WKH QRUPDOL]HG 506( YDOXHV LQFUHDVHG IURP
 WR  7KLV ILQGLQJ VKRZV WKH LPSRUWDQFH RI DFTXLULQJ PRUH DFFXUDWH
PXVFXORVNHOHWDOJHRPHWU\
7KHDELOLW\RI WKHSURSRVHGPXVFXORVNHOHWDOPRGHO WRSUHGLFW MRLQWPRPHQW LVEHWWHU
FRPSDUHG WR H[LVWLQJ PRGHOV DV VXPPDUL]HG LQ 7DEOH  6KDR HW DO KDG GHYHORSHG D
PXVFXORVNHOHWDOPRGHO WRHVWLPDWHDQNOH MRLQWPRPHQWZLWK WKHQRUPDOL]HG506(DQG
DYHUDJH R RI  DQG  UHVSHFWLYHO\ /OR\G DQG %HVLHU¶V PRGHO ZDV DEOH WR
SUHGLFWNQHHMRLQWPRPHQWIRUYDULRXVG\QDPLFWDVNVVXFKDVUXQQLQJDQGFXWWLQJDQGWKH
DYHUDJH R ZDV+RZHYHUERWKRIWKHWZRPRGHOVHPSOR\HGDJHQHULFJHRPHWU\
PRGHO WR DQDO\]H PRPHQW DUP ,Q WKLV SDSHU EHWWHU UHVXOWV ZHUH REWDLQHG E\ XVLQJ D
VXEMHFWVSHFLILF PXVFXORVNHOHWDO JHRPHWU\ PRGHO ZKHUH WKH DYHUDJH R ZDV
 r DQGWKHQRUPDOL]HG506(ZDV r 0DHWDOXVHGRQO\WZR
FKDQQHOV RI (0* VLJQDOV RQH IOH[RU DQG RQH H[WHQVRU WR SUHGLFW WKH NQHH MRLQW
PRPHQW $OWKRXJK WKHLU PRGHO ZDV JUHDWO\ VLPSOLILHG WKH DFFXUDF\ ZDV OLPLWHG
 R  0RUHRYHU 7VDL HW DO XVHG WKH GLUHFWO\ PHDVXUHG GDWD REWDLQHG E\ 05, WR
FUHDWHVSHFLILFJHRPHWU\PRGHODQGWKHLUUHVXOWVVXJJHVWHGWKDWWKHPRPHQWDUPHVWLPDWHG
E\LPDJLQJWHFKQLTXHVFDQLPSURYHWKHMRLQWPRPHQWSUHGLFWLRQSHUIRUPDQFH+RZHYHU
LPDJHSURFHVVLQJPD\EHWLPHFRQVXPLQJZKLFKLVQRWVXLWDEOHIRURQOLQHDSSOLFDWLRQV
VXFKDVUHKDELOLWDWLRQURERWFRQWURO

7DEOH&RPSDULVRQRIH[LVWLQJ(0*GULYHQPXVFXORVNHOHWDOPRGHOVDQGWKH
SURSRVHGPRGHO8QNQRZQ
/LWHUDWXUHV -RLQWPRGHOHG 1XPEHURIVXEMHFWV $YHUDJH R  1RUPDOL]HG506(
 $QNOH   
 .QHH   
 .QHH   
&XUUHQWVWXG\ .QHH   

7KLVPRGHOEDVHGLQWHUIDFHPDNHVWKHLQWXLWLYHFRQWLQXRXVDQGDFFXUDWHURERWFRQWURO
SRVVLEOH5HFHQWO\PDQ\(0*EDVHGFRQWUROPHWKRGVKDYHEHHQSURSRVHGVXFKDV(0*
SURSRUWLRQDO FRQWURO DQG (0* SDWWHUQ UHFRJQLWLRQ EDVHG FRQWURO 1RQHWKHOHVV (0*
SURSRUWLRQDOFRQWUROFDQQRWDFFXUDWHO\GHWHFWWKHRSHUDWRU¶VPRWLRQLQWHQWLRQDQGSDWWHUQ
 Qingsong Ai, Bo Ding, Quan Liu,Wei Meng 

UHFRJQLWLRQ EDVHG FRQWURO EUHDNV WKH FRQWLQXRXV PRYHPHQW LQWR GLVFUHWH DQG OLPLWHG
SDWWHUQV7KHNLQHPDWLFSHUIRUPDQFHRIURERWLQ)LJDGHPRQVWUDWHVWKDWWKHSURSRVHG
PRGHOEDVHGFRQWUROLVFDSDEOHRISURYLGLQJFRQWLQXRXVLQWXLWLYHDQGDFFXUDWH50(6 
e  PRWRU FRPPDQGV UDWKHU WKDQ GLVFUHWH PRWLRQ SDWWHUQV RU URXJK PRWLRQ
LQIRUPDWLRQ 6LQFH WKH QDWXUDO PRYHPHQWV RI KXPDQ DUH FRQWLQXRXV WKH SDWLHQW PD\
EHQHILWPXFKPRUHLIWKHUHKDELOLWDWLRQURERWFDQEHFRQWUROOHGLQWKLVZD\)XUWKHUPRUH
WKH PRGHOEDVHG LQWHUIDFH LV DGMXVWDEOH WR RSHUDWRU¶V SK\VLFDO FDSDELOLW\ WR UHDOL]H
GLIIHUHQWFRQWUROPRGH*HQHUDOO\SDWLHQWVZLWKGLIIHUHQWUHFRYHU\FRQGLWLRQVQHHGWREH
WUHDWHGZLWKGLIIHUHQWWUDLQLQJPRGHV$VWKHRSHUDWRU¶VMRLQWWRUTXHFDQEHHVWLPDWHGE\
WKHPXVFXORVNHOHWDOPRGHOGLIIHUHQWFRQWUROPRGHVZHUHDFKLHYHGE\DGMXVWLQJWKHOHYHO
RIDVVLVWDQFHDVVKRZQLQ)LJ,WPD\EHDUJXHGWKDW WKHGLIIHUHQWFRQWUROPRGHVZHUH
VLPSO\ DFKLHYHG E\ DGMXVWLQJ WKH SURSRUWLRQDO SDUDPHWHU ZKLFK LV VLPLODU WR (0*
SURSRUWLRQDO FRQWURO PHWKRG +RZHYHU DV VKRZQ LQ )LJ PXVFOH DFWLYDWLRQ SDWWHUQ
YDULHV IRUP SHRSOH WR SHRSOH DQG (0* YDOXHV RI D FHUWDLQ PXVFOH FDQ QRW DFFXUDWHO\
UHIOHFWWKHVXEMHFW¶VDFWXDOMRLQWWRUTXH+HQFHDGMXVWLQJWKHFRQWUROPRGHVDFFRUGLQJWR
(0*YDOXHLVLQDSSURSULDWHDQGLW LVPRUHUHDVRQDEOHWRDGMXVWWKHURERWLFDVVLVWDQFHDW
WKHOHYHORIPXVFXODUWRUTXH
0RGHOEDVHGLQWHUIDFHKDVWKHSRWHQWLDOWRDXWRPDWLFDOO\DGMXVWWKHURERWLFDVVLVWDQFH
LQ UHDO WLPH DFFRUGLQJ WR WKH SDWLHQW¶V YROXQWDU\ HIIRUW ,Q WKH ILHOG RI URERWDVVLVWHG
UHKDELOLWDWLRQLWLVDVVXPHGWKDWRQFHWKHSDWLHQWKDVUHJDLQHGVRPHVWUHQJWKWKHURERWLF
DVVLVWDQFH VKRXOG GHFUHDVH VLQFH UHO\LQJ WRR PXFK RQ WKH URERWLF GHYLFHV PD\ KDYH
QHJDWLYHFRQVHTXHQFHVIRUEUDLQSODVWLFLW\DQGPRWRUUHFRYHU\$$1FRQWUROPHWKRGLVD
SURPLVLQJ VROXWLRQ WR WKLV SUREOHP ZKLFK DLPV WR PLQLPL]H WKH URERWLF DVVLVWDQFH
UHTXLUHG WR KHOS WKH RSHUDWRU FRPSOHWH WKH WDVN 7KH PDLQ FKDOOHQJH WR LPSOHPHQW WKH
$$1 FRQWURO VWUDWHJ\ RQ URERWLFV LV KRZ WR GHWHUPLQH WKH WUXH DVVLVWDQFH QHHGV RI WKH
RSHUDWRU LQ UHDO WLPH $ ZHOOGHYHORSHG PHWKRG LV WR DGDSWLYHO\ DGMXVW WKH URERWLF
DVVLVWDQFHDFFRUGLQJ WR WKHRSHUDWRU¶VSHUIRUPDQFH ,Q WKHVH OLWHUDWXUHV WKH LQFUHDVH
RI SHUIRUPDQFH HUURU ZLOO OHDG WR WKH LQFUHDVH RI URERWLF DVVLVWDQFH DQG YLFH YHUVD
+RZHYHU IRU WKLVSHUIRUPDQFHEDVHG$$1PHWKRG WKHURERWLFDVVLVWDQFHZDVDGMXVWHG
HPSLULFDOO\ 0RUHRYHU KRZ WR DSSURSULDWHO\ VHOHFW WKH FULWHULRQ WR HYDOXDWH WKH
SHUIRUPDQFHKDVQRWEHHQVHWWOHG\HW6LQFHWKHVXEMHFW¶VDFWLYHHIIRUWFDQEHHVWLPDWHGE\
WKHPXVFXORVNHOHWDOPRGHOIRUWKHJLYHQWDVNVWKHWUXHDVVLVWDQFHQHHGVFDQEHREWDLQHG
HDVLO\QDPHO\WKHGLIIHUHQFHEHWZHHQWKHUHTXLUHGDQGDFWLYHIRUFH$VVKRZQLQ)LJ
WKHPRGHOEDVHG$$1FRQWUROOHULVFDSDEOHRIDGMXVWLQJWKHURERWLFDVVLVWDQFHLQUHDOWLPH
DFFRUGLQJWRWKHVXEMHFW¶VDFWLYHHIIRUWUDWKHUWKDQSURYLGLQJLQIOH[LEOHDVVLVWDQFH
5.2.  Limitations 
$OWKRXJKRQO\NQHHMRLQWZDVWDNHQLQWRDFFRXQWWKHUHODWHGPXVFXORVNHOHWDOPRGHOLV
YHU\ FRPSOH[ DQG PDQ\ SDUDPHWHUV QHHG WR EH LGHQWLILHG WR PDNH WKHP VSHFLILF WR
VXEMHFWV +RZHYHU WKH DXWKRUV GLG QRW KDYH D VWURQJ NQRZOHGJH RI WKH ELRPHFKDQLFDO
WKHRU\ EHIRUH EXW ZH ZLOO DEVROXWHO\ OHDUQ WKH UHODWHG NQRZOHGJH LQ RXU IXWXUH ZRUNV
0RUHRYHU WKH LGHQWLILFDWLRQ SURFHVV FRPSULVHG RI RQOLQH GDWD DFTXLVLWLRQ DQG RIIOLQH
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RSWLPL]DWLRQ LV WLPHFRQVXPLQJ7KHUHIRUHVRPHDVVXPSWLRQVZHUHPDGH LQ WKLVSDSHU
WRVLPSOLI\WKHPRGHO,WLVDVVXPHGWKDWWKHVDPHQRUPDOL]HGDFWLYHIRUFHOHQJWKIRUFH
YHORFLW\ SDVVLYH IRUFHOHQJWK DQG WHQGRQIRUFH DUH VXLWDEOH IRU DOO PXVFOHV +RZHYHU
SK\VLRORJLFDOO\GLIIHUHQWPXVFOHVPD\KDYHGLIIHUHQWDFWLYDWLRQG\QDPLFVDQGFRQWUDFWLRQ
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FRQWURO +LV UHVHDUFK LQWHUHVWV LQFOXGH URERWDVVLVWHG UHKDELOLWDWLRQ
(0*EDVHG LQWHUDFWLYH FRQWURO DQG PXVFXORVNHOHWDO PRGHO EDVHG
FRQWURO



4XDQ /LX UHFHLYHG KHU 3K' GHJUHH IURP WKH :XKDQ 8QLYHUVLW\ RI
7HFKQRORJ\&KLQD LQ1RZVKH LV WKHSURIHVVRUDW WKH:XKDQ
8QLYHUVLW\ RI 7HFKQRORJ\ 6KH LV WKH &RXQFLO 0HPEHU RI &KLQHVH
$VVRFLDWLRQRI(OHFWURPDJQHWLF&RPSDWLELOLW\DQG WKH+XEHL ,QVWLWXWH
RI(OHFWURQLFVDQGVKHLVDOVRDQ,(((PHPEHU'XULQJWKHUHFHQWILYH
\HDUV 4XDQ /LX KDV DXWKRUHG RU FRDXWKRUHG RYHU  WHFKQLFDO
SXEOLFDWLRQVSURFHHGLQJVHGLWRULDOVDQGERRNV6KHKDVDOVRGLUHFWHG
PRUH WKDQ  UHVHDUFK SURMHFWV +HU UHVHDUFK LQWHUHVWV LQFOXGH VLJQDO
SURFHVVLQJURERWKDUGZDUHDQGHOHFWURQLFVHPEHGGHGV\VWHPVDQGDSSOLFDWLRQV


:HL0HQJUHFHLYHGKLV%(QJGHJUHHDQGWKH0(QJGHJUHHIURP
:XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ &KLQD LQ  DQG 
UHVSHFWLYHO\ )URP  WR  KH LV SXUVXLQJ KLV VWXG\ DV D MRLQW
3K'VWXGHQWLQ:XKDQ8QLYHUVLW\RI7HFKQRORJ\DQG7KH8QLYHUVLW\
RI$XFNODQG1HZ=HDODQG+HKDVGLUHFWHGWZRUHVHDUFKSURMHFWVDQG
SDUWLFLSDWHG LQ RYHU ILYH UHVHDUFK SURMHFWV LQ DUHDV RI UHKDELOLWDWLRQ
URERWVELRVLJQDOVSURFHVVLQJDQGLQWHUDFWLRQFRQWURO:HL0HQJLVWKH
DXWKRU RI RYHU  DFDGHPLF MRXUQDO DQG FRQIHUHQFH SDSHUV +LV
UHVHDUFK LQWHUHVWV LQFOXGH WKH URERWDVVLVWHG UHKDELOLWDWLRQ KXPDQURERW LQWHUDFWLRQ DQG
DGDSWLYHLPSHGDQFHFRQWURO

